ADAPTING POLYMORPHIC INLINE CACHES FOR 
MULTITHREADED COMPUTING 



BACKGROUND OF THE INVENTION 

Field of the Invention 

This application relates generally to the field of computer software applications and 
more particularly relates to maintaining the integrity of polymorphic inline caches in 
multithreaded software computing. 

Description of the Related Art 

Object oriented (00) programming is becoming the normative computer 
programming paradigm supplanting procedural programming. 00 languages, such as 
Smalltalk, C++, and Java, allow programmers to approach their programming tasks in what 
is believed to be more natural and intuitive approach by using objects rather than 
procedures as the fundamental building blocks for creating computer programs. Objects 
are small reusable sections of program code that can be quickly and easily combined to 
create new and many different applications. Conceptually, an object is an entity that is 
able to save information, referred to as its state, and offers a number of behaviors or 
functions which examine and/or affect this state. An object may model the attributes or 
characteristics of the real-world object and, in many cases, may also model its behavior. 
For example, an 00 employee object may have certain attributes of a real employee such 
as a name, an address, an employee number, etc., and could respond like a real employee 
in that the employee object could provide the employee's address or the employee's 
status, e.g., "on vacation," when asked. Another example may be a calendar object which 
may be used in several applications such as a scheduling application, a presentation 
application, and/or a data base application to calculate employee's vacation and pay, etc. 



A fundamental concept in 00 programming is the class. A class is a template or 
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prototype that defines a type of object and specifies the attributes and methods associated 
with objects or members of the class. An object that belongs to a certain class is called 
an instance of that class. The attributes are represented in an object by the values of 
instance variables. Objects of the same class have the same definition for their operations 
and information structures. Knowing about a class, a programmer may create a new object 
as another instance of the class. An object is created or instantiated at runtime, i.e., when 
the computer executes a statement in the program. 

Encapsulation, inheritance and polymorphism are three important concepts that 
further differentiate 00 from procedural programming. Encapsulation means keeping the 
data structure and the methods/functions that process the data together in the same class. 
Quite simply, if encapsulated, the methods/functions of one class are private and may not 
access data structures of another class nor may methods/functions of other classes access 
the private data structure within the class. If the classes are public, however, the data 
and/or methods and functions can be accessed by an object of another class or subclass. 

Inheritance is the ability to derive a new class from one or more existing classes. 
The new class, known as a derived class or a subclass, may inherit or incorporate all 
properties of a base class or the superclass including its attributes and its methods. The 
derived class may be further defined to include additional properties. An illustration using 
classes of geometrical shapes, for example a new class square may inherit all the 
attributes and methods of objects in the class rectangle but the new class square can be 
modified so that the methods to calculate area or perimeter can be particularized using 
polymorphism. 

Polymorphism is a powerful 00 concept that allows the same name to be used in 
a base class and an inherited or derived class, but the derived class may provide a 
different version of a method with the same name that exists in the base class. Like 
inheritance, polymorphism allows code reuse, e.g., a programmer may use code that 
someone previously wrote and the programmer might not even have the source code, but 
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may provide other code to say "my code behaves exactly like that other code, except for 
these one or two routines." The real advantage of polymorphism occurs at runtime. A 
programmer does not always know the class of which a variable is an instance because 
a variable is allowed to hold not only an instance of its base class but also an instance of 
any derived class. The most appropriate method for the type, e.g., whether the instance 
is a shape, a rectangle, a square, or a circle, is automatically selected during runtime 
because the receiving instance is responsible for its own behavior. 

For interpretative programming languages such as Java and Smalltalk, the 00 
source code is first converted to an architecture-neutral distribution format called bytecode. 
The bytecode sequences are then interpreted for each computer processor architecture 
and operating system using a virtual machine. Recall that objects are created when the 
program executes so that while platform-neutrality, flexibility, and reusability are significant 
advantages of 00 from the perspective of a software developer, execution by 
interpretation may impose heavy performance penalties because of the runtime overhead 
of the bytecode instruction fetch and decode. One means of improving the runtime 
performance of a virtual machine is to use a just-in-time (JIT) compiler to convert the 
bytecode sequences "on the fly" into a equivalent sequence of the native or machine code 
of the underlying machine architecture. While JIT compilers improve performance, the 
overall program execution time now includes the compilation overhead of a JIT compiler. 

A central feature of 00 languages is the capability to dispatch polymorphic 
methods. It is important that the JIT compiler produce efficient code to quickly invoke 
these polymorphic methods. In early 00 implementations, the virtual machine interpreted 
bytecode to invoke polymorphic methods. The virtual machine would search and find the 
bytecode, switch to the found object, and then perform a linear search of a method 
dictionary using the type of the object on which the virtual call was being made. The 
process was very slow. To speed up the search, the 00 language Smalltalk used a hash 
table keying on the method and the receiving object type. If a search failed on the hash 
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table, the original lookup is performed and its result is put into the hash table keyed on the 
method and the receiving object. The majority of the time, the searched-for method was 
already in the hash table so increasing the size of the hash table did not yield significantly 
better performance. 

Then, a different approach emerged to generate and store machine code for the 
lookup procedures in a lookup or inline cache. Calling a method could be sped up further 
by observing that the object type at a given call site rarely varies. If a method is called on 
an object of type X at a particular call site, it is very likely that the next time the same 
method is executed at that call site, it will also be on object of type X. This locality of type 
usage was exploited by caching the looked-up method address at the call site, e.g., by 
ovenA/riting the call instruction. A lookup cache maps the object type, method name pairs 
to method addresses and holds the most recently used results. The first time a method 
is called on an instance from a particular call site, the method's address is stored in the 
lookup cache. Subsequent executions of the code at the call site then jump directly to the 
method whose address was cached thereby avoiding any searches. Thus, when a method 
is called, the lookup cache is first consulted. If the cache probe fails, the normal more 
expensive search is performed and the results are stored in the cache, possibly replacing 
older search results. 

Even with a lookup cache, however, calling a method still takes considerably longer 
than calling a simple procedure because the cache must be probed for every method 
called. Thus, these inline lookup caches are effective only if the object type and thus the 
method's address remains relatively constant at a call site. Performance is hampered 
when the objects are not the same type and there is a resulting cache miss. 

Although inline caching works very well for the majority of call sites, it does not 
speed up a polymorphic call site which has several equally likely object types because the 
method's address switches back and forth between different methods. Worse, inline 
caching may even slow down the method calls because of the extra overhead associated 



CA9-2000-0035 



4 



with cache misses. For a typical lookup cache miss, the address of the new method is put 
into the cache and the old flushed. If the runtime program has many polymorphic swaps 
then twenty percent of runtime can be spent swapping the code of called methods in and 
out of the cache. If a method is recompiled, moreover, every entry for that method must 
be flushed from the lookup cache because it is too complex to work out just the entry that 
corresponds to that method on that class. 

Because of standard 00 practices there tend to be many relatively small methods 
which during execution result in many method invocations, as another example, there may 
be a method solely for accessing a private field variable. A large percentage of method 
invocations, moreover, are monomorphic, meaning that they always bind to one class and 
a smaller percentage bind to no more than eight classes. Less than one percent of the 
method calls link to more than eight classes. An examination of polymorphic call sites 
show that the degree of polymorphism may be small. The degree of polymorphism may 
be classified as: (a) monomorphic If the calls have only one object type; (b) polymorphic 
if the calls actually have only few object types; or (c) megamorphic which have very many 
object types. 

Thus, the polymorphic inline cache (PIC) evolved from the monomorphic lookup 
cache described above. PICs rely on the observed behaviour that, in reality, very few call 
sites are megamorphic and that PICs work very well for monomorphic, pseudo 
monomorphic, and polymorphic call sites. PICs collect type information used by the 
compiler to produce more efficient code, especially where type analysis fails to extract 
useful type information. The type that dominates a particular PIC is often not known until 
the code has been run a few times so most implementations rely on self-modifying code 
to build the PIC in place from a template PIC in the code at the call site. 

An example of a PIC is given. Given a class hierarchy in which the derived classes 
circle and rectangle derive from the base class shape, the base class shape introduces a 
method display and that both circle and rectangle override that method with their own 
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implementations. Suppose that a display method is called on all shapes from a list of 
shapes and that so far all the shapes have been rectangles. In other words, the display 
method has been called monomorphically, so the situation is identical to normal inline 
caching. Now suppose the next shape is a circle. The inline cache would call the display 
method for rectangles because it has thus far been the only type of shape. The inline 
cache code would detect a cache miss for the type circle and call the search routine to 
search for the display method for a circle. With normal inline caching, the display method 
for c/rc/es would then replace the display method for rectangles. Searching and replacing 
to update the cache would occur every time a display method for a different object type 
was called from that call site. 

With PICs, when the invoked object type does not equal the last object type found 
in the lookup cache, the virtual machine compares the new object type to the second-last 
object type found, then the third last and so on. If the cache misses again, e.g., if the 
object type is neither a rectangle nor a circle, the PIC is simply extended to include new 
object types. A new method is added to the lookup cache every time the virtual machine 
fails to match an invoked class already existing in the cache. Eventually, the PIC will 
contain all cases seen in practice, and there will be no more cache misses or lookups. 
Thus, a PIC may be an extensible cache in which no cache item is ever displaced by 
another item. Practicably, however, a PIC is limited in size for obvious performance 
reasons. 

In an operating system having multiple software threads that can be executing the 
same code, self-modification of the PIC poses significant problems. First, most 
implementations of PICs have multiple slots to accommodate call sites having more than 
one call destination which is frequently called. In a software multithreading environment, 
it is necessary to ensure that two or more threads executing through the same PIC do not 
interfere with each other and leave the PIC in an inconsistent, i.e., incorrect, state. If one 
thread is in the process of building a PIC slot and a second thread executes into the PIC, 
it is preferable that the second thread not try to build its own PIC slot because it is highly 
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likely that the second thread calls a method on the same object type as one called by the 
first thread. It is undesirable to build two or more slots for the same object type for 
performance reasons. While one slot of a PIC is locked by a thread, moreover, other 
threads should be able to use other slots in that or any other PIC to achieve high 
5 performance and high scalability. Threads that are not executing through a particular call 
site or threads not executing that particular method, moreover, should be able to continue 
normal execution while the PIC is being built. 

There is thus a need in the industry for rapid and efficient compilation and execution 
10 of dynamic 00 programs in a software multithreaded environment. 

SUMMARY OF THE INVENTION 

These needs and others that will become apparent to one skilled in the art are 
!l5 satisfied by a method to implement a polymorphic call site in a computer system executing 

in 

j;a an object oriented program, the method comprising the steps of: creating a template of a 

'""^ polymorphic inline cache for a polymorphic call site, the template having a plurality of slots; 

□ executing the polymorphic inline cache with an object of type k; invoking a polymorphic 

inline cache initialisation routine; finding an available k slot of the polymorphic inline cache; 
'•■^0 locking the k slot of the polymorphic inline cache; searching for a k method to call for the 
|I object of type k; filling the k slot with a call instruction to the k method; unlocking the k slot 

to complete the k slot; and calling the k method of the object of type k. 

A first thread may initialise and/or access the k slot at the same time a second 
25 thread is initialising and/or accessing a slot other than the k slot. Under these 
circumstances, the second thread may wait until after the k slot has been unlocked and 
completed. Alternatively, the second thread may search for and call the k method and 
leave the polymorphic inline cache unchanged. 

30 A polymorphic inline cache may be created for each polymorphic call site. 
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The step of creating a template of the polymorphic call site may further comprise 
putting a bit in each slot to indicate that each slot is empty. Alternatively, the step of 
creating a template of the polymorphic call site may further comprise inserting a first illegal 
type value in a compare instruction of every slot of the polymorphic inline cache to indicate 
5 each slot is empty. In that case, the step of locking the k slot of the polymorphic inline 
cache may comprise replacing the first illegal type value in the compare instruction of the 
k slot with a second illegal type value to indicate the k slot is in use. The step of unlocking 
the k slot may further comprise replacing the second illegal type value in the compare 
instruction of the k slot with a value of type k. 

10 

The step of locking the k slot of the polymorphic inline cache may further comprise 
changing a bit in the k slot to indicate that the k slot is in use. 

□ 

1;^ The method of implementing the polymorphic call site may further comprises 

■'•4 

lis updating the polymorphic inline cache so that the object of type k+1 will initialise a 

I n 

|;g corresponding k+1 slot. This step of updating may be accomplished in such a way so the 

■^^ object of type k+1 will initialise the corresponding k+1 slot by inspecting the polymorphic 

□ inline cache to find the next empty slot. In another embodiment, the step of updating the 

polymorphic inline cache so that the object of type k+1 will initialise the corresponding k+1 

•1ST 

^IfO slot may comprise maintaining the state of the k slot or the k+1 slot. In either case, the 

i"1 

^ polymorphic inline cache initialisation routine may be the same for every object of the 

polymorphic inline cache. And yet, the step of updating the polymorphic inline cache so 
that the object of type k+1 will initialise a corresponding k+1 slot may yet further comprise 
modifying the initialisation routine so that upon a cache miss of the k slot, the k+1 

25 initialisation routine is called. 

The step of modifying the initialisation routine may further comprise calling a 
different initialisation route for every object of a different type. 

30 The invention may also be considered a program product for creating a polymorphic 
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inline cache comprising a signal-bearing medium carrying thereon an initialiser to initialise, 
fill, and lock a plurality of slots in at least one polymorphic inline cache so that each slot of 
the at least one polymorphic inline cache has a method corresponding to an object type. 

The invention is also a program product for using a polymorphic inline cache 
comprising a signal-bearing medium carrying thereon at least one polymorphic inline cache 
for each polymorphic call site, each polymorphic inline cache having a plurality of slots, 
each slot pertaining to an object of one type of the same polymorphic call site. 

The invention may further be considered a computer system for executing an 
application, comprising: a central processing unit executing the application; a main memory 
connected to the central processing unit with an internal bus; at least one input/output 
device connected to said communication bus and connected to a network interface to an 
external computer network; a just-in-time compiler to compile object oriented applications 
for execution on the central processing unit; and a polymorphic inline cache created by the 
just-in-time compiler, the polymorphic inline cache implementing a lockable slot for each 
individual object type to a polymorphic call site in the application. 

The invention is also a computer system for executing an application, comprising: 
a processor executing the application; a memory connected to the processor with an 
internal bus; a network interface to connect to an external computer network; and a 
polymorphic inline cache having a plurality of slots, each slot allocated to an object type 
of a method and locked to other object types of a polymorphic call site in the application. 

The invention may further be considered a method of creating a polymorphic inline 
cache in a just-in-time compiler on a computer, comprising the steps of: executing a 
program; calling a method having a first object type from the executing program; creating 
a first slot in the polymorphic inline cache; locking and filling the first slot with a call to the 
method having the first object type; returning to the executing program; calling a second 
method having a second object type from the executing program, the second method being 
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polymorphic with respect to the first method; creating a second slot in the polymorphic 
inline cache; locking and filling the second slot with a call to the second method having the 
second object type; returning to the executing program; calling a subsequent method 
having a subsequent object type from the executing program, the subsequent method 
being polymorphic with respect to the first and second methods; creating a subsequent slot 
in the polymorphic inline cache; locking and filling the subsequent slot with a call to the 
subsequent method having the subsequent type; and returning to the executing program. 

The invention is also a method of using a polymorphic inline cache, comprising the 
steps of: calling a method having a first object type from an executing object oriented 
program; locking a first slot of the polymorphic inline cache with a call to the method of the 
first object type; and executing the first slot of the polymorphic inline cache. The executing 
object oriented program may yet call a method having a second object type, in which case 
the second slot of the polymorphic inline cache is locked with a call to the method of the 
second object type; and can be executed. The first slot of the polymorphic inline cache 
may be executed simultaneously with the second slot. The method of the first object type 
may be called from a first thread which executing independently from an executing second 
thread calling the method of the second object type. The inventive method may further 
comprise: calling a method having a second object type; waiting until the method of the 
first object type has executed; determining that the second object type and the first object 
type are the same object type; and not creating a second slot of the polymorphic inline 
cache with a call to the method of the second type. 

The invention may also be a computer system to execute an object oriented 
program, comprising: means to execute an object oriented program; means to call a first 
method from a first slot of a polymorphic inline cache; means to call a second method from 
a second slot of a polymorphic inline cache; means to determine if the first method and the 
second method have the same object type; means to call the first method and second 
method simultaneously if they are not of the same object type; and if they are of the same 
object type, means to prevent the call to second method from the second first slot of the 
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polymorphic inline cache until the means to call the first method has completed. The first 
method may be called from a first thread and the second method may be called from an 
independently executing second thread. The computer system may further comprise 
means to invoke a first polymorphic inline cache initialisation routine; means to lock the first 
slot of the polymorphic inline cache; means to fill the first slot with a call instruction to the 
first method while the first slot is locked; means to update the polymorphic inline cache so 
that a second method of a second type will invoke a second polymorphic inline cache 
initialisation routine; means to make the first slot available to the first method; means to call 
the first method; means to lock the second slot of the polymorphic inline cache; means to 
fill the second slot with a call instruction to the second method while the second slot is 
locked; and means to update the polymorphic inline cache so that a Nth method of a Nth 
type will invoke a Nth polymorphic inline cache initialisation routine. The first, second, and 
Nth polymorphic inline cache initialisation routines may be the same. The first polymorphic 
inline cache initialisation routine may be called from a first thread simultaneously while an 
independently executing second or Nth thread is calling the second or Nth method or is 
calling the second or Nth polymorphic inline cache initialisation routine. 

The inventions, the advantages and features will become more apparent by the 
following description of the invention which is read in conjunction with the Drawing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a high-level block diagram of a computer system capable of 
implementing the preferred embodiment of the invention. 

Figure 2 is a simplified process diagram of how a PIC is built in a multithreading 
environment in accordance with an embodiment of the invention. 

Figure 3 is a simplified process diagram of how the PIC of Figure 2 is used in 
accordance with an embodiment of the invention. 
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DESCRIPTION OF THE PREFERRED EMBODIMENT 



Referring to the Drawing, wherein like numbers denote like parts throughout the 
several views, Figure 1 shows a simplified block diagram of a high-level computer system 
5 100, consistentwith an embodiment of the invention. Computer system 100 may comprise 
central processing unit (CPU) 101 which may be a programmable processor, executing 
instructions stored in memory 1 02. While a single CPU is shown in Figure 1 , it should be 
understood that computer systems having multiple CPUs could be used. Connected to the 
CPU 101 through an internal bus 105 and/or an external system bus 130 is memory 102. 

10 Memory 102 is a random-access semiconductor memory for storing data and programs; 
memory is shown conceptually as a single monolithic entity but it is well known that 
memory is often arranged in a hierarchy of caches and other memory devices. Operating 

^ g system 120 and applications 122 reside in memory 102. Operating system 120 provides, 

'=0 inter alia, functions such as device interfaces, management of memory pages, 

"''4 

115 management of multiple tasks, etc. as is known in the art. CPU 101 is suitably 

in 

i;g programmed to execute the operating system 120 and instructions of applications 122 

retrieved from memory 102. Memory 102 has the necessary elements to carry out the 

<{ 

□ preferred embodiment by having a JIT compiler as part of a virtual machine 124 capable 

of building a polymorphic inline cache as described below. In yet another embodiment, 
^jO once a polymorphic inline cache has been built, a JIT compiler is not necessary for the use 

: It 

U of a PIC, as will be discussed later. Applications 122 may include legacy applications and 

if it includes a server software application, network interface 108 may interact with the 
server software application 122 to enable computer system 100 to be a network sen/er. 

25 Communication bus 1 30 supports transfer of data, commands and other information 

between different devices; while shown in simplified form as a single bus, it may be 
structured as multiple buses, and may be arranged in a hierarchical form. Display adapter 
132 supports video display 134 which may be a cathode-ray tube display, a flat panel 
display, or a touch panel, although other display technologies may be used. 

30 Keyboard/pointer adapter 136 supports keyboard 138 and pointing device 140 depicted 
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as a mouse, it being understood tliat otiner forms of input devices could be used. Storage 
adapter 142 supports one or more data storage devices 144 which may be rotating 
magnetic hard disk drives or CD-ROM drives although other data storage devices could 
be used. Printer adapter 146 supports printer 148. Adapter 150 may connect a wide 
variety of devices to the computer system 100 and to other adapters connected to other 
devices such as, but not limited to, speakers, audio and visual equipment, tape drives, 
optical drives, printers, disk controllers, other bus adaptUers, PCI adapters, workstations 
using one or more protocols including, but not limited to. Token Ring, Gigabyte Ethernet, 
Ethernet, Fibre Channel, SSA, Fiber Channel Arbitrated Loop (FCAL), Ultra3 SCSI, 
Infiniband, FDD!, ATM, 1394, ESCON, wireless relays, Twinax, LAN connections, WAN 
connections, high performance graphics, etc., as is known in the art. Network interface 
160 provides a physical interface to a network, such as the Internet. This interface may 
comprise a modem connected to a telephone line through which an Internet access 
provider or online service provider is reached, but increasingly other higher bandwidth 
interfaces are implemented. For example, computer system 100 may be connected to 
another network server via a local area network using an Ethernet, Token Ring, or other 
protocol, the second network server in turn being connected to the Internet. Alternatively, 
network interface 160 may be provided through cable television, fiber optics, satellites, 
wireless, or other connections. The representation of Figure 1 is intended as an exemplary 
simplified representation of a high-end server, it being understood that in other computer 
systems 100 many variations in system configuration are possible in addition to those 
mentioned here. 

Finally, computer system 100 need not be a computer at all, but may be a simpler 
appliance-like client device, also called an embedded device, having less processing power 
and memory such as a network terminal, a thin client, a terminal-like devices, a voice 
response unit, etc. The convergence of computing, telecommunications and consumer 
electronics is causing a tremendous growth in the number and variety of pervasive mobile 
devices as clients. This mobile architecture enables the multitude of clients including 
laptops, sub-notebooks, handheld computers such as personal digital assistants and 
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companion devices, and mobile appliances such as smartphones, pagers, simple 
messaging devices and wearable devices. Thus when the computer system 100 is a 
mobile or an embedded device, the adapters 150 and network interfaces 160 support a 
variety of multi-modal interfaces including traditional keyboard and mouse interfaces, small 
text screens, pen, touch screens, speech recognition, text-to-speech and other emerging 
technologies like wearable devices. Such special-purpose devices for accessing the world 
wide web, such as an Internet access box for a television set, or a portable wireless web 
accessing device, which can implement an adapter for the purpose of communicating data 
to/from another computer system are also intended to be within the scope of a computer 
system 100. When computer system 100 is an embedded device, it need not have a 
virtual machine but only be capable of using the polymorphic inline caches as described 
below. 

As will be described in detail below, aspects of the preferred embodiment pertain 
to a specific method having steps implementable on a computer system 100. In an 
alternative embodiment, the capability to build and use a polymorphic inline cache in 
accordance with principles of the invention may be implemented as a computer 
program-product for use with the computer system 100. The programs defining the 
functions of the preferred embodiment can be delivered to the computer system 1 00 and/or 
to the peripheral device for installation on a connected adapter via a variety of 
signal-bearing media, which include, but are not limited to: (a) information permanently 
stored on non-writable storage media, e.g., read only memory devices within either 
computer such as CD-ROM disks readable by CD-ROM; (b) alterable information stored 
on writable storage media, e.g., floppy disks within a diskette drive or a hard-disk drive; 
or (c) information conveyed to a computer by a telephone or a cable media network, 
including wireless communications. Such signal-bearing media, when carrying instructions 
that may be read by an adapter or a computer to direct the functions of the present 
invention, represent alternative embodiments. 

Figure 2 is a simplified block diagram of how a PIC enabled for software 
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multithreading in accordance with the preferred embodiment of the invention can be 
created in a virtual machine. Preferably, a virtual machine 124 uses a JIT compiler to 
create a template for and build each PIC but once built, the PICs may be used in other 
computer systems and embedded devices not having a JIT compiler. In the preferred 
embodiment, a PIC is a virtual cache comprising a number of entries or slots, each further 
comprising a method called by a polymorphic call site. Preferably, the template has a finite 
number of slots because, in actuality, there are only a small number of polymorphic 
methods associated with a call site. Each slot of a PIC must be able to accomplish at least 
three operations: an operation to determine if the called method is in the PIC, i.e., is there 
a cache hit or a cache miss on that slot; an operation to call the method if there is a cache 
hit; and an operation to get back to the code following the call site. The compare operation 
is intended to determine if the method associated with the object type called is within that 
slot of the PIC, as stated above. If there is a cache hit on the slot, there is an operation 
to call the method. If there is a cache miss on the slot, depending upon the 
implementation, there may be operations to branch to an another slot in the PIC, to an 
initialisation routine to create another slot in the PIC, or to the called method without using 
the PIC. The final operation returns execution to the next instruction in the program which 
called the polymorphic call site. In accordance with one embodiment of the invention, the 
PIC builds itself through the use of self-modifying code. 

In Figure 2, a method for a particular object type is called from a program compiled 
at runtime and executing within the virtual machine. In step 210, the template of the PIC 
is located and the position of sloti is ascertained. In the preferred embodiment, the first 
slot of the template uniquely uses the compare instruction of the PIC to indicate that the 
PIC is empty. The type value is contained in the immediate field of a "compare register to 
an immediate value" instruction. The type value in the compare instruction is preset to an 
illegal value, e.g., -1 , to ensure a cache miss which will jump/branch to a PIC initialisation 
routine named „piclnit1. Sloti is then locked so that other threads in a multithreaded 
context are not able to use or modify this slot while the slot is being built or otherwise in 
use. There are several methods to lock the slot: a bit can be changed in the slot itself, but 
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in the preferred embodiment, the self-modifying code of the PIC again changes the type 
value in the compare instruction. To lock the PIC slot, the type value may be set to another 
illegal value, e.g., 0, to indicate that the slot is in use. In the preferred embodiment, if the 
type value in the compare instruction is -1, then the PIC branches to the call to an 
initialisation routine; if the type value in the compare instruction is 0, then call to the 
initialisation routine but now the type value of 0 indicates the slot is locked so then in step 
212, a search is made for the appropriate method and the method is called without 
updating the PIC. Note, the innovative use of two illegal type values in the compare 
instruction prevents a second thread from executing a PIC slot that is being modified while 
at the same time providing a lock of the PIC slot. Thus, a PIC slot can be individually 
locked without adding to the memory cost of maintaining the PIC. 

If, however, in step 220, slot1 has been located and locked, then a search is 
performed for the method to call from slot1 . In step 230, a check is made for exceptions 
and if there are exceptions, access is prohibited and the virtual machine is notified that a 
violation occurs. If, however, there are no exceptions, then in step 240, the call instruction 
of sloti is updated to call the requested method of that type. In step 250, the conditional 
branch instruction of sloti is further updated to jump or branch to a call to an initialisation 
routine for the second slot in case of a sloti cache miss. In step 260, sloti then becomes 
available to the executing program when the program calls methods of the object type 
stored in sloti. In the preferred embodiment, the slot is unlocked by replacing the type 
value in the compare instruction with the object type in the first call to the polymorphic call 
site. In any event, there may be other methods of determining the next available slot when 
a new object type is called, for instance, the PIC could maintain the state of either the last 
updated or the next available slot; another way is to simply inspect each PIC slot to find the 
first empty slot. In step 270, the executing programs jump to the call method of sloti. 
Sloti of the PIC is then completed and execution returns to the program which called the 
polymorphic call site associated with the PIC. 

Figure 3 is a simplified flow chart of how a PIC can be updated in a virtual machine. 
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In Figure 3, a method for an object type different tlian the object type associated with slot1 
is called from a program executing within the virtual machine. In step 310, the method 
locates slot2 of the PIC template and tries to lock slot2 so that other threads in a 
multithreaded context are not able to use or modify this slot while the slot is being built. 
5 Again, in the preferred embodiment, slot2 is locked by modifying its compare instruction 
with a second illegal type value, e.g., 0. If slot2 cannot be locked, then in step 312, a 
search is made for the appropriate method and the method is called without updating the 
PIC. If, however, in step 320, slot2 has been located and locked, then a search for the 
method to call from slot2 is performed. In step 330, a check is made for exceptions and 
10 if there are any exceptions, access is prohibited and the virtual machine is notified that a 
violation occurs. If, however, there are no exceptions, then in step 340, slot2 of the PIC 
is updated to call the requested method. In step 350, the PIC is further updated to create 

O 

= g a new slot by, for example, calling a routine _piclnitk (not shown) or a routine 
_picMissDispatch in the case of a slot2 miss. Slot2 is unlocked to make it available for use 

\W5 in step 360. In the preferred embodiment, the self-modifying PIC unlocks slot2 and makes 
the slot match the class by replacing the type value in the compare instruction with the 
object type of slot2. In step 370, the PIC is updated that in the event of a sloti miss, jump 

□ to the first instruction of slot2, and if the object type matches the type value in the compare 

!i instruction of slot2, then call the method for slot2. In step 380, the executing programs 

'SIR? 

^;|0 jump to the call instruction of the method of slot2. 

Jl 

The following examples provide actual code to further illustrate the principles of the 
invention. Assume that class 'A' introduces method foo and classes 'B' and 'C subclasses 
of class *A' and introduce their own methods of foo; namely BJoo and CJoo are 
25 polymorphic methods of AJoo and override it. 

The first example of pseudocode of the preferred embodiment represents the initial 
state of the PIC template having two slots. It is to be understood that a PIC template in 
accordance with the invention may have more than two slots, depending upon the number 
30 of object types associated with a polymorphic call site. The instructions marked with an 
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* are executed the first time this PIC is executed. Register R1 contains a unique type value 
of the object on which this method is being called from the executing program. In the 
example, R1 contains the unique id for type 'A', i.e., that an object of type 'A' is calling the 
foo method the first time the PIC template is invoked. For the first slot, a compare 
function, cmp, compares the value of R1 with an illegal type value of -1 . Because R1 can 
never be equal to the illegal type value, the thread of execution executes the instruction jne 
to jump to the code labeled miss calls _piclnit1 the first time around. _piclnit1 is a runtime 
routine that updates and locks sioti of the PIC by changing the illegal type value of the 
cmp instruction to a different illegal type value, e.g., 0. _piclnit1 further updates slot1 by 
filling in the destination of call instruction and by changing the type value of the cmp 
instruction to the value of R1 . After the method invoked by the call instruction completes, 
the program ends by jumping to done. 
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ExampI 1 : 



Sloti: 



cmp R1 , illegal type valu 



jne miss 



call 



jmp done 



This compar Instructi n is set up in 
the template and Is guaranteed to 
fail the first time through. 
This is the conditional branch 
instruction and will branch 
around the first slot if the 
comparison fails. 
The is the call or dispatch 
Instruction to execute when the 
object type R1 matches the type 
value of the type value of the slot. 
Call is Initially left blank. Its 
destination will be filled in when 
the slot is initialised. 
Jump to code following the PIC once 
the call returns. 



Slot2: 

cmp R1 , illegal type value 

|ne miss 

call 

jmp done 

dd constant pool 

dd constant pool index 



The compare Is guaranteed to fail 

the first time through. 

Branch around the second slot if the 

comparison falls. 

Call is initially left blank. Its 

destination will be filled In when 

the slot is initialised. 

Jump to the code following the PIC 

once the call returns. 

This section (8 bytes) is never 

executed. Instead it contains data 

that is easily locatable by the 

by the „piclnitX routines. The data 

is used by them to describe which 

particular method is to be 

dispatched from this site. It also 

allows the runtime to do 

accessibility checks to make 

sure the call Is allowed under the 

language rules and class hierarchy 

of the program. 



miss: 



call 



_plclnit1 



done: 



Call to_plclnit1. _piclnit1 Is a 
runtime routine that does all the 
work of properly updating 
the first slot of a PIC. 



In the above example, the routine _piclnit1 initialized and updated the PIC, Now a inethod 
invocation compares its object type with the type value of sloti , type *A\ If the object type of R1 
matches the type value for then the method AJoo is called. Instructions marked with an A are 
executed if an object of type 'A' is to have its foo method executed at this site. No further change 
to the PIC will occur until an object other than W invokes its foo method from this site. In 
accordance with principles of the invention, the PIC template has been set up so that the next 
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empty slot always has an illegal type value to ensure that the next empty slot is initialised and 
updated with the appropriate type value and method call. Now in Example 2, a second method of 
a second object type calls to the same polymorphic site. The object type of R1 is not *A' upon 
evaluation by the cmp instruction so upon the slot1 cache miss, the routine jumps (jne miss) to 
_piclnit2. _piclnit2 first changes the type value of the compare instruction for the second slot to 
a second illegal type value, e.g. 0, to indicate the second slot is in use. Then the routine _piclnit2 
updates slot2 by filling in the destination of the call instruction with BJoo and by changing the type 
value of the compare instruction for type *B'. It also updates the conditional branch instruction of 
a slot2 cache miss by calling the routine _picMissDispatch (see pseudocode Examples) to search 
for the a method outside of the PIC. In the following example, instructions marked with a B or C 
are executed if objects of these types have their foo method executed from this site. 
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ExampI 2 



SI t1: 



cmp R1, type value f r'A' 



ine miss 



Slot2: 



call 
imp 



cmp 

jne 

call 

jmp 

dd 
dd 



miss: 



done: 



call 



A.foo 
done 



R1, Illegal type value 
miss 

done 

constant pool 
constant pool Index 



_piclnit2 



ABC 



ABC 



This compare is true f r bjects f 
type 'A' but false for all other object 
types, such as 'B' and X*. 
Branch around the first slot If the 
comparison falls. Otherwise, fall 
through to next Instruction. 
Call to A.foo 

Jump to code following the PIC 
once the call returns. 



The compare Is guaranteed to fail 

the first time through. 

Branch around the second slot if the 

comparison fails. 

Call is initially left blank. Its 

destination will be filled in when 

the slot is initialised. 

Jump to the code following the PIC 

once the call returns. 

This section (8 bytes) Is never 

executed. Instead It contains data 

that is easily locatable by the 

_piclnitX routines. The data is 

used by them to describe which 

particular method is to be 

dispatched from this site. It also 

allows the runtime to do 

accessibility checks to make sure 

the call Is allowed under the 

language rules and class hierarchy 

of the program. 



BC Call to _piclnit2. _piclnit2 is a 
generic routine that does all the 
work of properly updating the 
second slot of a PIC. 
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Example 3 represents the pseudocode of the PIC after _piclnit2 has run. The PIC is now 
complete and will not be changed further in this implementation wherein the PIC has two slots. In 
Example 3. it is assumed that an object of type 'B' was the object which caused _piclnit2 to be run. 



Example 3 



Sloti: 



10 



15 



cmp R1 , type value for *A* 



jne 



call 
)mp 



Slot2 



A.foo 
done 



ABC 



ABC 



This compare Is true for objects of 
type 'A' but false for all other types, 
such as 'B' and 'C. 
Branch around the first slot if the 
comparison falls. Otherwise, fall 
through to next Instruction. 
Call to AJoo 

Jump to code following the PIC once 
the call returns. 



Slot2: 



20 



•s? e 

Mo 

U3 



:;35 



45 



cmp 

]ne 

call 
Imp 

dd 
dd 



miss: 



call 



R1,type value for 'B' 

miss 

B.foo 
done 

constant pool 
constant pool Index 



_plcMlssDlspatch 



BC The compare Is guaranteed to fall 

the first time through. 
BC Branch around the second slot If the 

comparison falls. 
B Call to B.foo 

B Jump to code following the PiC once 
the call returns. 
This section (8 bytes) Is never 
executed. Instead It contains data 
that Is easily locatable by the 
_plclnltX routines. The data is used 
by them to describe which particular 
method Is to be dispatched from this 
site. It also allows the runtime to do 
accessibility checks to make sure 
the call is allowed under the 
language rules and class hierarchy 
of the program. 

C Call to _picMlssDispatch. 

_plcMissDispatch Is a generic 
routine that Is able to dispatch the 
foo method of any type of object. 
Note: it will never be called for 
objects of type 'A' or 'B' from this 
; call site because they have 

dedicated slots In the PIC. 



done: 



Thus, a method of protecting slots in a PIC has been described. Such a protection scheme 
50 is particularly useful in a software multithreading environment. In accordance with principles of the 
invention, first, the type value associated with an object is compared with something it can never 
be, for instance initially an object type of R1 is compared with a type value of -1. Once the 
_piclnit1 method performs an atomic compare and exchange to replace the type value in the 
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compare instruction for the PIC slot with the method's memory location, a different value, e.g., 0 
is placed in the type value of the compare instruction of the PIC slot to lock that slot from being 
updated or changed by another thread. Thus, a method of a first type can be called by one thread 
while another thread is accessing and using methods associated with other types, and hence, other 
slots in the PIC. While various embodiments of the present invention have been described above, 
it should be understood that they have been presented by way of example and not limitation and 
that variations are possible. Thus, the breadth and scope of the present invention should not be 
limited by any of the above-described exemplary embodiments, but should be defined only in 
accordance with the following claims and their equivalents. 
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